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A Strategy of Fenton Reaction Cycloacceleration for
High-Performance Ferroptosis Therapy Initiated by Tumor

Microenvironment Remodeling

Lin Huang, Jie Feng,* Jiaoyang Zhu, Jing Yang, Wei Xiong, Xuanyi Lu, Sijin Chen,

Sugeun Yang, Yan Li, Yikai Xu,* and Zheyu Shen*

The emerging tumor ferroptosis therapy confronts impediments of the tumor
microenvironment (TME) with weak intrinsic acidity, inadequate endogenous
H,0,, and a powerful intracellular redox balance system that eliminates toxic
reactive oxygen species (ROS). Herein, a strategy of Fenton reaction
cycloacceleration initiated by remodeling the TME for magnetic resonance
imaging (MRI)-guided high-performance ferroptosis therapy of tumors is
proposed. The synthesized nanocomplex exhibits enhanced accumulation at
carbonic anhydrase IX (CAIX)-positive tumors based on the CAIX-mediated
active targeting, and increased acidification via the inhibition of CAIX by
4-(2-aminoethyl) benzene sulfonamide (ABS) (remodeling TME). This
accumulated H* and abundant glutathione in TME synergistically trigger
biodegradation of the nanocomplex to release the loaded cuprous oxide
nanodots (CON), B-lapachon (LAP), Fe**, and gallic acid-ferric ions
coordination networks (GF). The Fenton and Fenton-like reactions are
cycloaccelerated via the catalytic loop of Fe-Cu, and the LAP-triggered and
nicotinamide adenine dinucleotide phosphate quinone
oxidoreductasel-mediated redox cycle, generating robust ROS and
plenitudinous lipid peroxides accumulation for ferroptosis of tumor cells. The
detached GF network has improved relaxivities in response to the TME.
Therefore, the strategy of Fenton reaction cycloacceleration initiated by
remodeling the TME is promising for MRI-guided high-performance
ferroptosis therapy of tumors.

hydroxyl radicals (éOH), thus resulting in
cell death induced by the overload of lipid
peroxides (LPO) on cellular membranes.!!]
Unfortunately, the Fenton/Fenton-like cat-
alytic activities are confined by the inher-
ently insufficient H, O, concentration in the
tumor microenvironment (TME), resulting
in poor efficacy of ferroptosis therapy.?! Im-
portantly, the presence of a strong intracel-
lular defense system (i.e., the excessively
produced reactive oxygen species (ROS) can
be eliminated by the oversaturated reduc-
tive glutathione (GSH) in tumor cells to
persevere the intracellular redox balance)®!
also causes the poor efficiency of ferroptosis
therapy.

To overcome the above limitations
of tumor ferroptosis therapy, abundant
nanomedicines with capability of TME re-
molding or excellent catalytic performance
at physiological condition have been devel-
oped for enhancing ferroptosis of tumor
cells.*l For instance, Dong et al. developed a
novel perfluorocarbon @manganese oxide
(MnO,) core-shell nanoparticles with capa-
bility of ample ROS production and GSH
consumption for boosting the ferroptosis-
based anticancer treatment.’! Yue et al.
constructed the adenosine triphosphate

1. Introduction

Ferroptosis therapy is an emerging iron-dependent modality of
antitumor, which utilizes Fenton or Fenton-like catalytic reac-
tions between metal ions (e.g., Fe?*, Cu**, Mn**, or Co**) and
hydrogen peroxide (H,0,) to generate highly cytotoxic oxidative

(ATP) and acidity co-activated catalysis nanoplatforms with in-
creased cellular H,0, for efficient ferroptosis-based therapy.[°!
Guan et al. designed a microenvironment-responsive nanoplat-
form (R-PtWMn) with high catalytic activity, leading to the en-
hanced ferroptosis of tumor by augmenting ROS yield and elim-
inating excess GSH.I*® Chang et al. reported a single-atom Pd
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nanozyme with dual peroxidase and GSH oxidase mimicking ac-
tivities for promoting ferroptosis-based anticancer therapy.”! The
improvement of ferroptosis therapy efficiency by these strategies
is significant, but still limited due to the relatively slow rate of
Fenton reaction.

Because the conversion from Fe3* to Fe?* as depicted in Equa-
tion (1) is ineffective due to the low k; (0.0026 M~! s7!), the ROS
generation is dominated by Fe?*-mediated catalysis (k, = 570
M™! s71) as depicted in Equation (2). The yield of ROS via Fen-
ton reaction is restricted owing to the almost invalid Fe**/Fe?*
catalytic loop.[®) The Cut-assisted Fenton reaction system as de-
picted in Equation (3) has been confirmed. The efficient transi-
tion of Fe/Cu valence can be used as a powerful catalytic loop, and
then reinforces the efficacy of ROS generation. Koo et al. reported
a 3-nm-sized copper-iron peroxide nanocatalyzers to meliorate
tumor therapeutic efficacy via a cooperative Fenton reaction of
Fe** and Cu™ rather than their standalone actions, which can re-
spond to the acidic TME, achieve self-supply of H,0,, and sub-
sequently facilitate the catalytic loop of Fe-Cu.l”! Nevertheless,
the weak intrinsic acidity (pH 6.7-6.8) in the TME cannot fully
implement the ferroptosis therapy utilizing the above nanocat-
alyzers, and another main obstacle is the “off-target” delivery that
causes the non-selective Fenton reaction to normal tissues and
cells. Therefore, innovative strategies are still needed to improve
the outcomes of tumor ferroptosis therapy.

Fe’ + +H,0, » Fe?* + HO, - +H*  k, =0.0026 M~'s"1 (1)

Fe’* +H,0, > Fe’ ++-OH+OH™  k, =570M7'S™' (2

Cu'* + Fe’+ - Cu? + +Fe? + AE°=06V 3)

In this study, we innovatively propose a strategy of high-
performance ferroptosis therapy of tumors based on Fenton re-
action cycloacceleration initiated by regulating TME. Typically,
the hollow core of hollow mesoporous organosilica nanoparti-
cles (HMON) is utilized as a nanoreactor for “in situ cuprous ox-
ide nanodots (CON) growth” to synthesize CON-loaded HMON
(CON-HMON) via a hydrazine reduction method. After that, g-
lapachon (LAP), a H,0, donor based on the nicotinamide ade-
nine dinucleotide phosphate (NADPH) quinone oxidoreductasel
(NQO1)-mediated redox cycle,'% is encapsulated into the pore
channel of CON-HMON, and the gallic acid-ferric ions (GF) co-
ordination networks are deposited on the nanoparticle surface to
prepare CON-LAP-HMON@GF, which is capable of preventing
the premature leakage of CON and LAP from HMON. A carbonic
anhydrase IX (CAIX) inhibitor (4-(2-aminoethyl) benzene sulfon-
amide, ABS) and polyethylene glycol (PEG) are further conju-
gated onto the nanoparticle surface via amidation reaction, gener-
ating CON-LAP-HMON@GF-ABS-PEG nanocomplex (Scheme
1a). The fabricated CON-LAP-HMON@GF-ABS-PEG can accu-
mulate in CAIX-positive tumors due to the enhanced permeabil-
ity and retention (EPR) effect (i.e., passive targeting), and then
be efficiently internalized into the CAIX-positive cancer cells be-
cause of the high affinity between ABS linked in nanocomplex
and CAIX (i.e., active targeting). The ABS can inactivate the CAIX
enzyme, and thus increase the extracellular and intracellular H*,
establishing more acidic TME. After degradation of HMON by
the accumulated H* and abundant GSH in TME, the CON, LAP,
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Fe**, and GF could be released. The CON can react with the in-
creased extracellular and intracellular H*, generating Cu*. The
Fe* reacts with Cu*, producing Fe** and Cu?* to accelerate the
Fenton and Fenton-like reactions. The released LAP can pro-
duce H, 0, via the NQO1-mediated redox cycle (i.e., remodeling
TME) to further accelerate the Fenton and Fenton-like reactions.
Overall, the cycloacceleration of Fenton and Fenton-like reactions
initiated by regulating TME can generate robust ROS for high-
performance ferroptosis therapy of tumors. Meanwhile, the T;-
weighted magnetic resonance imaging (MRI) signals of the GF
networks, which are TME-responsively detached from HMON,
allows for monitoring of the progress of tumor ferroptosis ther-
apy (Scheme 1b).

2. Results and Discussion

2.1. Synthesis and Characterizations of the
CON-LAP-HMON @GF-ABS-PEG

HMON was synthesized based on a reported “chemical homol-
ogy” mechanism,[!!] where the mesoporous SiO, nanoparticles
(MSN) acted as the hard template for the coating of a MON
layer (denoted as MSN@MON). The inner MSN core was selec-
tively etched away using hot ammonia, thus yielding tetrasulfide-
bridged HMON. Then, the hollow core of HMON was utilized
as a nanoreactor for “in situ CON growth” to prepare CON-
HMON by hydrazine reduction method under nitrogen atmo-
sphere. CON1-4-HMON is prepared sequentially by adjusting
the feeding concentration of Cu (2.5-20 mwm). The synthesis con-
ditions and characterization results of the CON1-4-HMON are
summarized in Table S1, Supporting Information. TEM images
of CON1-3-HMON show that the CON formed in situ in the core
gradually fills the entire hollow cores of HMON with the augment
of the feeding Cu?* concentration (Figure Sla—c, Supporting In-
formation), whereas large amounts of CON away from HMON
are observed in CON4-HMON sample due to too high feeding
Cu?* concentration (Figure S1d, Supporting Information). After
storage at room temperature for 3 days, CON1-3-HMON is dis-
persed well in water, but CON4-HMON precipitates. That’s be-
cause CON1-3-HMON are highly negatively charged resulting in
strong electrostatic repulsion between nanoparticles, but CON4-
HMON is slightly positively charged (average zeta potential =
3.1 + 0.7 mV) due to the overloading of CON leading to very
weak electrostatic repulsion between nanoparticles and aggre-
gation of nanoparticles (Figure S2a,b, Supporting Information).
Thus, CON3-HMON is chosen as the optimal sample for the next
step of synthesis due to its high Cu loading content (13.8%) de-
termined by inductively coupled plasma optical emission spec-
trometry (ICP-OES).

The reaction between Cu* and Fe**°] as shown in the Equa-
tion (3) and Scheme 1b is beneficial to accelerate the Fenton
reaction rate and generate robust eOH. Thus, in this study,
the Fe* is chelated with gallic acid, forming gallic acid-ferric
ions (GF) coordination networks deposited on the surface of
CON3-HMON. CON3-HMON@GF1-8 is prepared sequen-
tially by adjusting the feeding concentration of Fe and GA.
The synthesis conditions and characterization results of the
CON3-HMON@GF1-8 are summarized in Table S2, Supporting
Information. Considering the loading content of total metal ions,
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Scheme 1. a) Schematic illustration for the construction of CON-LAP-HMON@GF-ABS-PEG nanocomplex. b) Schematic illustration of high-
performance ferroptosis therapy of tumors based on a strategy of Fenton reaction cycloacceleration initiated by regulating tumor microenvironment.

the resulting CON3-HMON@GEF7 was chosen as the optimal
one for the subsequent procedures.

Since HMON is also an excellent drug delivery vehicle, the LAP
was encapsulated within the mesoporous channels of CON3-
HMON before modification of GF coordination networks on the
surface to prevent the leakage of CON and LAP, followed by mod-
ification of ABS and PEG via amidation reaction to obtain the fi-
nal CON3-LAP-HMON@ GF7-ABS-PEG nanocomplex. Accord-
ing to the UV-vis spectra (Figure S3a—c, Supporting Informa-
tion), the loading content of LAP is calculated to be 4.6% for
CON3-LAP-HMON@GF7-ABS-PEG. Figure S4, Supporting In-
formation, shows the Fourier transform infrared spectroscopy
(FTIR) of HMON, CON3-LAP-HMON@GF7, ABS, CON3-LAP-
HMON@GF7-ABS, and CON3-LAP-HMON@GF7-ABS-PEG.
Specifically, CON3-LAP-HMON@GF7 shows two characteristic
peaks at 1396 and 1296 cm™!, which correspond to LAP. The
peak at 1537 cm™! assigns to the stretching vibration of N-H in
C-NH, of ABS. The CON3-LAP-HMON @ GF7-ABS exhibits two
new peaks at 1650 cm™! corresponding to amide bond, which in-
dicates the successful grafting of ABS by the amidation reaction.
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After conjugation of PEG, an obvious peak is observed at 2942
cm™! due to the stretching vibration of C-H in —-CH,— of PEG.

Figure la-j show TEM images and size distributions
of MSN@MON, HMON, CON3-HMON, CON3-LAP-
HMON@GF7, and CON3-LAP-HMON@GF7-ABS-PEG. The
as-synthesized MSN@MON, HMON, and CON3-HMON ex-
hibit similar spherical morphologies and decent monodispersity
(Figure 1a—c f-h), with an average diameter of 43.8 + 5.2, 47.2
+ 6.5, and 49.3 + 4.0 nm, respectively. The hollow core is
white for HMON, but black for CON3-HMON, which demon-
strates that CON is successfully loaded inside the hollow core
of CON3-HMON. CON3-LAP-HMON@GF7 and CON3-LAP-
HMON@GF7-ABS-PEG still maintain the uniform spherical
morphologies, but their hollow structures are completely not
visible (Figure 1d,e), and their corresponding sizes respectively
increase to 61.4 + 8.4 and 68.0 + 6.3 nm (Figure 1i,j), which
suggest that the deposition of the GF layer and further modifi-
cation of ABS and PEG are successful and the functionalization
procedures do not affect the whole nanoparticle morphology and
dispersity.
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Figure 1. a—e) TEM images or f—j) size distributions of a,f) MSN@MON, b,g) HMON, ¢,h) CON3-HMON, d,i) CON3-LAP-HMON@GF7, or e,j) CON3-
LAP-HMON@GF7-ABS-PEG. k) N, adsorption-desorption isotherms and l) pore size distributions of HMON, CON3-LAP-HMON@GF7, or CON3-LAP-
HMON@GF7-ABS-PEG. m) Size distributions and n) Zeta potentials of various nanoparticles measured by DLS. o) STEM mappings, p) EDX spectrum,
q) full range XPS spectra, and r) its corresponding high-resolution Cu 2p or s) Fe 2p XPS spectra for CON3-LAP-HMON@GF7-ABS-PEG.

The large surface area (565.0 m? g™') and well-defined meso-
porous structure (pore size ~ 4.4 nm) of the HMON were
examined by the typical N, adsorption-desorption method
as shown in Figure 1k,l. After the successful coating of GF
coordination layer and conjugation of ABS and PEG on the
outer shell of HMON, the specific surface area respectively
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decreases to 315.9 and 172.1 m? g' (Figure 1k), and the
corresponding pore size decreases to 3.7 and 3.3 nm, respec-
tively (Figure 11). Dynamic light scattering (DLS) results show
that the average hydrodynamic diameters (d,) are augmented
along with the synthetic steps, which increase from 70.9 nm
of HMON to 90.3 nm of CON3-HMON nm, 108.1 nm of
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CON3-LAP-HMON@GF7, and 138.6 nm of CON3-LAP-
HMON@GF7-ABS-PEG (Figure 1m). The Zeta potential of
HMON, CON3-HMON, CON3-LAP-HMON@GF7, and CON3-
LAP-HMON@GF7-ABS-PEG is —44.8, —8.5, —22.4, and —10.9
mv (Figure 1n), respectively. The corresponding changes of
Zeta potentials for each functionalization step also demonstrate
the successful preparation of nanocomplex. The CON3-LAP-
HMON@GF7-ABS-PEG suspension with negative potentials
contributes to strong electrostatic repulsion among the nanopar-
ticles, displaying favorable colloidal stability in PBS buffer,
DMEM medium, and DMEM medium plus fetal bovine serum
(10%) even after 3 days of incubation at 37 °C (Figure S5,
Supporting Information).

Scanning transmission electron microscopy (STEM)-
associated energy-dispersive X-ray (EDX) elemental mapping
analyses reveal that Cu mainly locates in the center, while Fe is
confined to nano-shells of CON3-LAP-HMON@GF7-ABS-PEG
nanopcomplex (Figure 1o). Other elements of Si, O, S, and N
are homogeneously distributed throughout the nanocomplex
(Figure 1o0). The above-mentioned elements are all found in
the EDX spectrum (Figure 1p). These results validate the suc-
cessful synthesis of CON3-LAP-HMON@GF7-ABS-PEG with a
core/shell structure.

X-ray photoelectron spectroscopy (XPS) reveals the represen-
tative peaks of C 1s, N 1s, O 1s, Fe 2p, and Cu 2p for CON3-LAP-
HMON@GF7-ABS-PEG (Figure 1q-s, Figure S6a—c, Supporting
Information). The high-resolution XPS spectrum of Cu 2p (Fig-
ure 1r) indicates two main peaks at 932.3 (Cu 2p; ;) and 952.1 eV
(Cu2p, ;) from Cu™. The signals of Fe 2p (Figure 1s) are observed
in711.9 (Fe 2p; ;) and 725.0 eV (Fe 2p, ,) from Fe**. These results
verify that the Cu and Fe of CON3-LAP-HMON@GF7-ABS-PEG
exists primarily in the form of Cu* or Fe**, and the calculated
percentages of Cu* or Fe** is 72.9% or 84.0% of total Cu or Fe
amount, respectively.

2.2. pH/Glutathione Dual-Responsive Fenton-Catalytic Activity

The biodegradation behavior of CON3-LAP-HMON@GF7-ABS-
PEG in mimic TME was directly evaluated by DLS and TEM mea-
surements. Here, the final incubation condition (pH 6.5+10 mm
GSH) with better simulation of TME is selected for evaluating
the degradation performance of nanoplatform in vitro, due to
the pH value of the inherent TME is about 6.5.['!] Apparent at-
tenuation of d, from 138.9 + 5.9 nm to 53.5 + 8.2 is found for
the nanocomplex after incubation with acidic buffer at pH 6.5
containing GSH (10 mwm) for 72 h (Figure S7a—d, Supporting In-
formation). Moreover, TEM images (Figure 2a) show that CON3-
LAP-HMON@GF7-ABS-PEG maintain intact structures after in-
cubation in neutral conditions (pH = 7.4), reappears the visible
hollow cores in acid conditions (pH = 6.5) because acid enables
the release of the coating layer of GF-ABS-PEG and CON in cores,
while the framework of CON3-LAP-HMON@GF7-ABS-PEG al-
most completely collapses in acidic buffer at pH 6.5 containing
GSH (10 mwm). This specific pH/GSH dually responsive degrada-
tion of CON3-LAP-HMON@GF7-ABS-PEG would result in the
on-demand release of therapeutic agents in TME (Figure 2b). As
expected, the acidic conditions noticeably trigger the CON3-LAP-
HMON@GF7-ABS-PEG biodegradation to release Fe, LAP, and
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Cu, and the reductive GSH further promotes their release (Fig-
ure 2c—e). Nearly 80% of the loaded Fe, LAP, and Cu are released
within 24 h under acidic PBS (pH 6.5) with 10 mm of GSH,
whereas their released amount in PBS at pH 7.4 without GSH
does not exceed 10%.

The  Fenton-catalytic = mechanism  of  CON3-LAP-
HMON@GF7-ABS-PEG was assessed by the 3,3°55-
tetramethylbenzidine (TMB) assay (Figure 2f), which could
be oxidized to oxTMB with blue or green color by the generated
eOH. Because the efficiency of Fenton reaction to produce
oOH is significantly dependent on pH conditions and our
nanomedicine formula is designed to amplification acidity of
TME, the final incubation condition (pH 6.0+10 mm GSH) is
exploited to study the Fenton catalytic activity of the CON3-LAP-
HMON@GF7-ABS-PEG in vitro.

By comparing the Fenton-based reaction activity between
CON3-HMON, HMON@GF7, and CON3-HMON@GF7 under
same metal ion concentration, the efficiency of Fe/Cu-mediated
catalytic cycle is further clarified (Figure S8, Supporting Infor-
mation). As expected, the CON3-HMON@GF7 group shows
significantly stronger absorbance of oxidized TMB at 652 nm
(i-e., higher eOH generation capacity) than CON3-HMON or
HMON@GF?7 group. Because CON3-HMON@GF7 can release
Fe** and Cu* simultaneously in response to acidic TME, result-
ing in the formation of Fe/Cu catalytic loop that substantially ac-
celerates the interconversion between the metal ions with differ-
ent oxidation states to derive the powerful Fenton catalytic per-
formance. The findings demonstrate that the observed efficiency
augment in the Fenton reaction mostly results from the Cu*-
mediated reduction of Fe** ions.

As shown in Figure 2g, the obvious TMB adsorption peak at
652 nm is detected in an acidic buffer containing H,O, rather
than a neutral solution. Especially, the group with GSH reveals
the strongest performance of «OH generation owing to the GSH-
responsive degradation, which results in fast release of metal ions
involved in the Fenton reaction and corresponding high catalytic
capacity. The time or H,0,-dependent capability of eOH gen-
eration is shown in Figure S9a,b, Supporting Information. The
absorption peak at 650 nm increases with the extension of the
reaction time or H,0O, concentration due to higher concentra-
tion of metal ions release and H,O, are favorable for the pro-
duction of eOH. Electron spin resonance (ESR) measurements
further demonstrate the acid and GSH-triggered release of metal
ions from CON3-LAP-HMON@GF7-ABS-PEG, which acceler-
ates the rate of Fenton reaction with H,0, and then produces
the strongest characteristic peak of #OH in the ESR spectra (Fig-
ure 2h).

The GSH depletion ability of CON3-LAP-HMON@GF7-ABS-
PEG was then measured by using 5, 5’-dithio-bis-2-(nitrobenzoic
acid) as an indicator.?! Since the released Fe** or Cu?* can be
reduced by GSH to Fe’* or Cu*, CON3-LAP-HMON@GF7-
ABS-PEG has remarkable GSH depletion ability due to the
faster release rate of metal ions under acidic conditions (Fig-
ure 2i). From Figure 2j, the absorption peak at 412 nm declines
gradually with the extension of incubation time, indicating the
extra depletion of GSH by CON3-LAP-HMON@GF7-ABS-PEG.
That’s because the HMON enriches in S-S bonds, which can
also effectively undergo the redox reaction with GSH. Mean-
while, the concentration-dependent GSH consumption ability

© 2023 Wiley-VCH GmbH
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Figure 2. a) TEM images of biodegradable CON3-LAP-HMON@GF7-ABS-PEG after incubation at different conditions for 24 or 72 h. b) Schematic
illustration of pH/GSH dually responsive degradation and release of theranostic components. Release curves of c) Fe, d) LAP, or e) Cu under neutral
or acidic PBS with or without GSH. f) Schematic diagram for the Fenton-catalytic mechanism of CON3-LAP-HMON@GF7-ABS-PEG. g) UV-vis spectra
and photographs (inset) of TMB aqueous solution treated with CON3-LAP-HMON@ GF7-ABS-PEG under various conditions. h) ESR spectra under
various conditions using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as ¢OH trapping agent. i) pH dependence, j) time dependence, or k) concentration
dependence of GSH consumption capacities for CON3-LAP-HMON @ GF7-ABS-PEG nanoparticles using DTNB as an indicator. Data are presented as
means + SD (n = 3). ****p < 0.0001 determined by one-way ANOVA.
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of CON3-LAP-HMON@GF7-ABS-PEG quantified from the
constructed standard curve (Figure S10a,b, Supporting Infor-
mation), is shown in Figure 2k, showing the favorable GSH
depletion ability of CON3-LAP-HMON@GF7-ABS-PEG which
would be conducive to the accumulation of ROS for cancer
treatment through cascade catalysis.

2.3. Enhanced Cellular Uptake and Mechanism of Tumor
Microenvironment Remodeling

CAIX, a transmembrane protein known to be regulated by hy-
poxia inducible factor, is regarded as an important active target
because it is overexpressed in hypoxic solid tumors rather than
in normal tissues and cells.['*] Importantly, CAIX with function
of pH regulatory enzyme was reported to be able to reversibly
catalyze the hydration of CO, to HCO;~ and thus sustain the
equilibrium of extracellular and intracellular pH values. The dys-
function of the CAIX enzyme by utilizing inhibitors is capable of
increasing intracellular H* and establishing the acidic TME.!'*]
Therefore, the combination of nanocatalyzers with CAIX in-
hibitors is reasonably expected to be a promising strategy to sig-
nificantly enhance the catalytic activity and efficacy of ferroptosis
therapy.

To verify the specific recognization capability and internal-
ization efficiency of nanocomplexes, the CAIX-positive 4T1
cells!™®! were used. The CON3-HMON@GF7-PEG and CON3-
HMON@GF7-ABS-PEG were labeled with rhodamine6G (R6G)
to realize visual observation of their fluorescence. From laser
scanning confocal microscopy (LSCM) images (Figure 3a, Fig-
ure S11, Supporting Information), it is found that the 4T1 cells
treated with R6G-labeled CON3-HMON@GF7-ABS-PEG display
stronger red fluorescence signals than that treated with the R6G-
labeled CON3-HMON@GF7-PEG under either normoxia or hy-
poxia. Especially, the cells incubated with R6G-labeled CON3-
HMON@GF7-ABS-PEG after hypoxia-induction possesses the
highest uptake level of nanoparticles by 4T1 cells. Further flow
cytometry results (Figure 3b,c) also show that the fluorescence in-
tensities of the R6G-labeled CON3-HMON@GF7-ABS-PEG (hy-
poxia) group are much stronger than the group of R6G-labeled
CON3-HMON@GF7-PEG (normoxia) (***P < 0.001) or CON3-
HMON@GF7-ABS-PEG (normoxia) (*p < 0.05). This enhanced
cellular uptake of R6G-labeled CON3-HMON@GF7-ABS-PEG
can be attributed to the CAIX-targeting mediated endocytosis
based on the linkage of ABS on the surface of nanocomplex,
which has the CAIX binding ability.[’! Since the level of CAIX
expression is further increased by hypoxia,!'”! the promotion of
binding performance results in higher internalization efficiency
under a hypoxic atmosphere.

To validate the capability of CON3-LAP-HMON@GF7-ABS-
PEG for potentiating acidic TME, the variations of tumor intra-
cellular pH value were measured via a pH-sensitive probe of 2°,7’-
bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester,['8] whose fluorescence decreases with acid increase (Fig-
ure S12, Supporting Information). CSLM observations reveal
that the 4T1 cells treated by PBS, LAP, CON3-HMON@GF7-
PEG, or CON3-LAP-HMON@GF7-PEG have no obvious differ-
ence in intracellular pH under normoxia or hypoxia (Figure S13,
Supporting Information, the first row of Figure 3h), while a
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slight decrease of green fluorescence is found in CON3-LAP-
HMON@GF7-ABS-PEG treated group (normoxia), and an obvi-
ous decrease of green fluorescence is observed in CON3-LAP-
HMON@GF7-ABS-PEG treated group (hypoxia). That’s because
the inhibition of over-expressed CAIX by the loaded ABS can
cause the accumulation of intracellular acidic ions.'’”] Consis-
tently, the flow cytometry analysis (Figure 3d) and its correspond-
ing quantitative results (Figure 3e) also show that only CON3-
LAP-HMON@GF7-ABS-PEG treated group under hypoxia can
weaken the intensity of green fluorescence, that is, decrease
the intracellular pH value. These results indicate that the ABS-
mediated CAIX suppression can specifically down-regulate the
tumor intracellular pH to re-establish tumor acidic conditions,
and thereby overcome the intrinsically insufficient acidity of the
TME to enhance the Fenton-reaction efficiency.

The capability of our CON3-LAP-HMON@GF7-ABS-PEG for
intracellular GSH depletion and GSH peroxidase 4 (GPX4) inac-
tivation was quantified by using the Assay Kit technique. The in-
cubation of CON3-LAP-HMON@GF7-ABS-PEG causes the con-
spicuous down-regulation of GSH level (***p < 0.001, *p <
0.05) and GPX4 activity (***p < 0.001, *p < 0.05) compared
with that incubated with PBS or CON3-LAP-HMON@GF7-PEG
group (Figure 3f,g), which is ascribed to the CAIX-mediated ac-
tive targeting effect, and the enhanced intracellular acidic condi-
tion by ABS. The regulated TME (i.e., more acidic condition) is
capable to promote the release of Fe*™ and Cu* ions efficiently, ac-
celerate the Fenton and Fenton-like reactions due to the catalytic
loop of Fe—Cu, and then lead to the significant GSH consumption
and subsequent GPX4 inactivation.

Similar results can be found from the LSCM images of 4T1
cells after various treatments and staining with Thiol Tracker Vi-
olet, showing intracellular GSH with green fluorescence (Fig-
ure S14, Supporting Information). It is noted that GSH levels
in 4T1 cells treated with LAP or LAP-loaded nanoparticles were
markedly depleted because LAP not only supplies H,O, by a cat-
alytic cycle of the NADPH and NQO1 enzyme (overexpressed in
tumor cells), but also down-regulates GSH levels in tumor cells
due to the coenzyme (NADPH) consumption of reductive GSH
via the LAP-triggered redox cycle.['! Figure S15, Supporting In-
formation, shows the apparent increase of NADP*/NADPH ratio
after treatment of LAP or LAP-loaded nanocomplexes compared
with the PBS group (*p < 0.05, **p < 0.01). The H, O, production
induced by LAP is in a concentration-dependent manner (Figure
S16, Supporting Information), validating the simultaneous inhi-
bition of NAPDH and promotion of H,O, generation based on
catalysis of LAP futile cycle through NQO1-mediation.

Inspiring the above considerable GSH depletion effect, the in-
tracellular ROS level after different treatments were monitored
by the DCFH-DA staining assay. From the LSCM images as
shown in Figure 3h (the second row) and Figure S17, Support-
ing Information, it is found that CON3-LAP-HMON@GF7-PEG
treated group (IV) reveals increased ROS production compared
with LAP (II) and CON3-HMON@GF7-PEG group (III), which
indicates that the successful LAP delivery enhances the H,O,
generation based on the NQO1-mediated redox cycle and then
further accelerates the Fenton and Fenton-like reactions. The
CON3-LAP-HMON@GF7-ABS-PEG treated group (V) results in
more enhanced ROS production compared with the CON3-LAP-
HMON@GF7-PEG group (IV), which demonstrates that the ABS

© 2023 Wiley-VCH GmbH
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Figure 3. a) LSCM images of 4T1 cells incubated with the R6G-labelled CON3-HMON@GF7-PEG or CON3-HMON@GF7-ABS-PEG in both normoxia
and hypoxia conditions. b) Fluorescence distributions and c) corresponding quantitative analysis of 4T1 cells incubated with various formulations
measured by flow cytometry. d) Fluorescence distributions and e) corresponding quantitative analysis of 4T1 cells treated with 1) PBS, 1) LAP, IIl)
CON3-HMON@GF7-PEG, IV) CON3-LAP-HMON@GF7-PEG, or V) CON3-LAP-HMON@GF7-ABS-PEG in the hypoxic atmosphere, and stained with
BCECF-AM. f) GSH levels or g) GPX4 activity of 4T1 cells under hypoxia treated with the formulations of I-V. h) LSCM images indicating intracellular H*,
ROS, or LPO in 4T1 cells treated with the formulations of |-V under hypoxia, and stained with BCECF-AM, DCFH-DA, or BODIPY-C11. i) Fluorescence
distributions and j) corresponding quantitative analysis of LPO levels (measured by flow cytometry) in 4T1 cells treated with the formulations of I-V, and
stained with BODIPY-C11. Data are presented as means + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 determined by one-way

ANOVA.

functions of CAIX-mediated active targeting and more acidic
TME establishing can also accelerate the Fenton and Fenton-like
reactions. Furthermore, the green fluorescent ROS stained with
DCFH-DA in the CON3-LAP-HMON@GF7-ABS-PEG treated
group (V) under hypoxia conditions is much stronger than that
under normoxia conditions, indicating that the CAIX expression
can be further increased by hypoxia.

Adv. Healthcare Mater. 2023, 12, 2203362
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Because large amounts of ROS can result in the accumula-
tion of LPO within 4T1 cancer cells, the LPO level was subse-
quently evaluated via the BODIPY-C11 staining assay. Significant
promotion of green LPO fluorescence signal begins to appear
in the CON3-LAP-HMON@L@GF7-PEG group, and the highest
LPO level is observed in the CON3-LAP-HMON@GF7-ABS-PEG
group (Figure S18, Supporting Information, and the third row of
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Figure 3h), which is similar with the ROS signals as shown in the
second row of Figure 3h and Figure S17, Supporting Informa-
tion. The fluorescence distributions (Figure 3i) and correspond-
ing quantitative analysis (Figure 3j) of the LPO levels (measured
by flow cytometry) in 4T1 cells show similar outcomes.

Figure S19, Supporting Information, shows LSCM images of
4T1 cells after treatment with CON3-LAP-HMON@GF7-PEG, or
CON3-LAP-HMON@GF7-ABS-PEG for 4.0 h. It is found that
lots of green fluorescence (RhoNox-1 for Fe?*) does not overlap
with the red fluorescence (Lysotracker Red for lysosomes), which
demonstrates the lysosomal escape of our nanoparticles that is
the prerequisite for the following Fenton reaction cycloaccelera-
tion and ferroptosis therapy.

2.4. In Vitro High-Performance Ferroptosis

Figure 4a shows the schematic mechanism illustration of CON3-
LAP-HMON@GF7-ABS-PEG for high-performance ferroptosis
therapy of tumors based on the strategy of Fenton reaction cy-
cloacceleration initiated by regulating TME, including acidifica-
tion of intracellular pH value, self-supply of H,O,, depletion of
intracellular GSH, robust ROS generation, and accumulation of
LPO to synergistically enhance intracellular oxidative stress. The
in vitro anticancer efficacy was further investigated for substan-
tiating the augmented ferroptosis via the strategy of Fenton reac-
tion cycloacceleration.

Figure 4b exhibits the lower toxicity of CON3-LAP-
HMON@GF7-ABS-PEG on CAIX-negative HeLa cells than
CAIX-positive 4T1 cells (*p < 0.05) due to the limited Fenton
catalytic efficiency in the cells with low expression of CAIX
(i-e., insufficient acidic conditions). Furthermore, compared
with CAIX-positive 4T1 cells (36.8% + 1.4%) under the same
treatment conditions, nanomedicines maintain a relatively
high cell viability on HUVECs (67.1% =+ 6.1%, ***p < 0.001).
That’s because the normal HUVECs with simultaneously low
expression of CAIX and NQO1 is difficult to realize the robust
generation of H*, H,0,, and eOH (Scheme 1). Therefore,
the high-performance ferroptosis therapy is only applicable
to the CAIX-overexpressing cancer cells, revealing the high
tumor specificity of ferroptosis therapy strategy based on our
CON3-LAP-HMON@GF7-ABS-PEG. Concentration-dependent
cytotoxicity of CON3-LAP-HMON@GF7-ABS-PEG against 4T1
cancer cells was then observed in both normoxic and hypoxic at-
mospheres (Figure 4c). As the hypoxia induces further elevation
of CAIX in 4T1 cancer cells, CON3-LAP-HMON@GF7-ABS-
PEG presents a higher killing performance in hypoxia than in
normoxia. By comparing the cytotoxicity of various treatment
groups (Figure 4d), it is found that the anticancer effect of
CON3-LAP-HMON@GF7-ABS-PEG is significantly stronger
than that of PBS, LAP, CON3-HMON@GF7-P, or CON3-LAP-
HMON@GF7-PEG after 24 h of treatment (**p < 0.01 or ***p
< 0.001), whereas the cytotoxicity of CON3-LAP-HMON@GF7-
ABS-PEG alleviates with the addition of ferrostatin-1 (Fer-1,
an inhibitor of ferroptosis) (**p < 0.01). Figure S20, Support-
ing Information, shows negligible cytotoxicity of free ABS
against 4T1 cancer cells under normoxia or hypoxia. These
results demonstrate that the higher cytotoxicity of CON3-LAP-
HMON@GF7-ABS-PEG than CON3-LAP-HMON@GF7-PEG
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can be ascribed to the augmented ferroptosis based on the
CAIX-mediated active targeting and intracellular acidification by
ABS.

Previous reports have demonstrated that inordinate ROS can
result in mitochondrial impairments.[?) The various treatment-
induced changes of mitochondrial membrane potential were
evaluated by JC-1 staining assay. As shown in Figure 4e, the
evident decrease of JC-1 aggregates (red spots) and the signifi-
cant augment of JC-1 monomers (green spots) are found in the
CON3-LAP-HMON@GF7-PEG group (IV) compared with PBS
(I), LAP (II), and CON3-HMON@GF7-PEG (III) groups, indi-
cating the decline of mitochondrial membrane potential and the
mitochondrial damage. More severe mitochondrial dysfunction
can be observed from the 4T1 cancer cells treated with CON3-
LAP-HMON@GF7-ABS-PEG (V) under hypoxia, demonstrating
the robust ROS generation.

Meanwhile, the ferroptosis efficacy of CON3-LAP-
HMON@GF7-ABS-PEG in vitro was assessed by propidium
iodide (PI, for dead cells) and calcein AM (for live cells) co-
staining assay, and Annexin V/propidium iodide (PI) apoptosis
assay kit, respectively. From Figure 4f, it can be seen that large
amounts of dead cells (red dots) only occur in the CON3-LAP-
HMON@GF7-PEG (IV) and CON3-LAP-HMON@GF7-ABS-
PEG group (V), rare live cells are observed from CON3-LAP-
HMON@GF7-ABS-PEG group (V), whereas the LAP (II) and
CON3-HMON@GF7-PEG (I1I) still maintain a high level of live
cells (green dots) owing to the limited ROS generation. Further
analysis of 4T1 cells apoptosis (Figure 4gh) displays a similar
trend to the Live-Dead staining results. Notably, the CON3-LAP-
HMON@GF7-ABS-PEG (V) exhibits a greater apoptosis rate
compared to other treatment groups (**p < 0.01, ***p < 0.001).
The results manifest the high-performance ferroptosis induced
by Fenton reaction cycloacceleration initiated by the catalytic
loop of Fe—Cu, the ABS functions of CAIX-mediated active
targeting and more acidic condition establishing, and the in situ
H,0, generation from the LAP-triggered and NQO1-mediated
redox cycle.

2.5. Enhanced T,-Weighted Magnetic Resonance Imaging and In
Vivo Biodistribution

T,-weighted MR images, and the corresponding 1/T; or 1/T, lin-
ear fitting results of CON3-LAP-HMON@GF7-ABS-PEG deter-
mined by a MRI scanner system (3.0 T) are shown in Figure
5a,b, and Figure S21, Supporting Information. The longitudinal
relaxivity (r;) and transverse relaxivity (r,) are respectively 1.8 and
12.1 mm~! s7! calculated from the slopes of the linear lines of
T,/ T, relaxation rates versus Fe concentrations (Cp,), which ex-
hibits a relatively weak MRI signal due to the high r,/r, ratio
(6.7). Based on the TME-activatable degradation capability, the
longitudinal/transverse relaxation time (T;/T,) of CON3-LAP-
HMON@GF7-ABS-PEG with varied Cp, incubated with acidic
buffer at pH 6.5 containing 10 mm GSH (i.e., simulated TME)
for 24 or 48 h were also assessed at 3.0 T. A conspicuous sim-
ulated TME-triggered brightness enhancement of T;-weighted
MR images with the increase of incubation time is found in Fig-
ure 5a. The r; value of CON3-LAP-HMON@ GF7-ABS-PEG aug-
ments from 1.8 to 4.2 mm~! s7! (Figure 5b), and corresponding
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Figure 4. a) Schematic mechanism illustration of CON3-LAP-HMON@GF7-ABS-PEG for high-performance ferroptosis therapy of tumors based on the
strategy of Fenton reaction cycloacceleration initiated by regulating TME. b) Cytotoxicity evaluation of CON3-LAP-HMON @ GF7-ABS-PEG on HUVECs,
HeLa (CAlX-negative expression), or 4T1 (CAIX-positive expression) cells under normoxia (n = 5). c) Cell viabilities of CON3-LAP-HMON@GF7-ABS-
PEG in 4T1 cells in both normoxic and hypoxic conditions (n = 5). d) Time-dependent cytotoxicity of 4T1 cells after incubation with 1) PBS, II) LAP,
1) CON3-HMON@GF7-PEG, IV) CON3-LAP-HMON@GF7-PEG, V) CON3-LAP-HMON@GF7-ABS-PEG, or VI) CON3-LAP-HMON@GF7-ABS-PEG
including Fer-1 (50 nM) under hypoxia (n = 5). ) Confocal images of 4T1 cells after treatment with the formulations of I-V under hypoxia stained with
JC-1 dye or f) co-stained calcein-acetoxymethyl (AM) for live cells and propidium iodide (PI) dead cells. g,h) Measurement of cell apoptosis by annexin
V-FITC/PI double staining after 4T1 cells being treated with various formulations under hypoxia (n = 3). Data are presented as means + SD. *p < 0.05,
**p < 0.01, and ***p < 0.001 determined by one-way ANOVA.

Adv. Healthcare Mater. 2023, 12, 2203362 2203362 (10 of 14) © 2023 Wiley-VCH GmbH

85U801 7 SUOWILIOD 3AIER1D 3qedldde au Aq pausenob afe sajole YO ‘8sN JO Sa|N. 10} Aeud 78Ul U A8|1M UO (SUOTIPUOD-pUe-sw.elwoo A3 1M AreIq iUl [UO//SANy) SUORIPUCD Pue SWe | 84 885 *[202/T0/vz] uo AriqiTauliuo ABm ‘AisieAluneyul Aq Z9E€02202 WUPe/Z00T OT/I0pAW0 A8 1M Akeiq1jeul|uo//:sdny wolj pepeojumoq ‘8T ‘€202 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

Cre (1M)

400 200 100 50.0 25.0

pH 7.4

pH 6.5 + GSH
(24 h)

2
2

12.5

www.advhealthmat.de

A pHG65+GSH 48h
1 e pH6.5+GSH 24h

= pH74
P Ty = 4167x + 0.464

R2=10.993

y = 1.752x + 0.476

pH6s+GsH @) @ R%=0.990
48 h r . . : .
L) 00 01 02 03 04
¢ d Cr. (mM)
=40 =
5 " Pre 30 min 40 min b‘iﬂ
a £ ey
~ 30 - s s u
* o :
N’
20 % o I
10 5 E‘: Pre ‘
A i
CERRF N
0 35| SRR E
U T T T T =]
0 10 _20 30 40 50%Q R
Time (h) 3

o
WO

ASNR of T, images (%) ® Fe in Blood
w
o

& 300
e (vs. Gadavist at 30 min)
?0 fekk
200 & 200; 1
L]
) 2 1
T
100 I I s 100
.
o I
& z
0 g o o
10 30 30 4o 6 12 24 48 RIS
Time (min) Time (h) Ll i i

Figure 5. a) T;-weighted MR images of CON3-LAP-HMON@GF7-ABS-PEG solutions with different C,, incubated at pH 7.4 for 48 h, or at pH 6.5 with
10 mm GSH for 24 or 48 h. b) Corresponding T, relaxation rates (1/T;) as a function of the C,. c) Blood circulation curve of CON3-LAP-HMON@GF7-
ABS-PEG in mice after i.v. injection. d) T;-weighted MR images of 4T 1 tumor-bearing mice pre- and post-injection of commercial Gadavist or CON3-LAP-
HMON@GF7-ABS-PEG (Gd or Fe dosage is 5.0 mg kg™") at different time intervals. ) Quantitative analysis for the tumor MR images post-injection of
Gadavist or f) CON3-LAP-HMON@GF7-ABS-PEG. g) Biodistribution of Fe in major organs and tumors of mice intravenously injected with CON3-LAP-
HMON@GF7-ABS-PEG at predetermined time points. Data are presented as means + SD (n = 3). ***p < 0.001 determined by one-way ANOVA.

r,/r, ratio attenuates from 6.7 to 4.8 even the r, value also ex-
hibits a certain increase from 12.1to 19.9 mm~! s7! (Figure S21,
Supporting Information). The TME-responsive MRI contrast en-
hancement can be ascribed to the improvement of interaction
between water protons and GF networks released from CON3-
LAP-HMON@GF7-ABS-PEG in response to the simulated TME,
which provides the considerable possibility for MRI-guided tu-
mor therapy.

Prior to in vivo MRI evaluation, the blood circulation half-life is
determined to be 6.3 h after intravenous (i.v.) injection of CON3-
LAP-HMON@GF7-ABS-PEG (Figure 5c). Figure 5d shows the
T,-weighted MRI performance of tumors at different time points
post-injection of various contrast agents. Significant MRI sig-
nal enhancement in tumor sites is observed from CON3-LAP-
HMON@GF7-ABS-PEG injected group, and the highest bright-
ness can be seen at 24 h. The comparatively low signal of 4T1
tumor-bearing mice administrated with commercial Gadavist
peaks at 30 min, which is accompanied by the rapid renal ex-
cretion of the small molecular Gd chelates.[?!) Meanwhile, the
corresponding quantitative results of signal-to-noise ratio (SNR)
presents durable MRI signal with bright contrast intensity to tu-
mor sites for CON3-LAP-HMON@GF7-ABS-PEG (Figure S22,
Supporting Information), and the ASNR shows a higher con-
trast of CON3-LAP-HMON @ GF7-ABS-PEG than Gadavist (***p

Adv. Healthcare Mater. 2023, 12, 2203362
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< 0.001, Figure 5e,f), which demonstrates the efficient tumor-
specific accumulation and TME-enabled enhancement of T} MRI
for our CON3-LAP-HMON@GF7-ABS-PEG nanocomplex.

The evaluation of in vivo biodistribution shows the highest
enrichment (14.2% + 1.5% L.D. g™') of Fe in tumor tissues at
24 h post-injection of CON3-LAP-HMON@GF7-ABS-PEG (Fig-
ure 5g), which is consistent with the above-mentioned blood cir-
culation half-life and MRI results. This appreciable tumor ac-
cumulation of CON3-LAP-HMON@GF7-ABS-PEG further vali-
dates the strengthened EPR effect and CAIX-mediated active tar-
geting.

2.6. In Vivo Assessments on Therapeutic Efficacy and Biosafety

In vivo ferroptosis therapy efficacy after i.v. injection of (I)
PBS, (II) LAP, (IlI) CON3-HMON@GF7-PEG, (IV) CON3-LAP-
HMON@GF7-PEG, or (V) CON3-LAP-HMON@GF7-ABS-PEG
was also examined by using 4T1 tumor-bearing mice (Figure
6a). From the tumor growth curves (Figure 6b) and the tu-
mor inhibition rates at the 20th day (Figure 6c), rapid tumor
growth for PBS treated group, partial suppression of tumor
growth for LAP and CON3-HMON@GF7-PEG group, and
noticeable antitumor effect for CON3-LAP-HMON@GF7-PEG

© 2023 Wiley-VCH GmbH
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Figure 6. a) Schematic illustration of the treatment schedule in vivo. b) Relative tumor volumes, c) tumor inhibition rate at the 20th day, or d) survival
curves of 4T1 tumor-bearing mice after being treated by I) PBS, Il) LAP, IIl) CON3-HMON@GF7-PEG, IV) CON3-LAP-HMON@GF7-PEG, or V) CON3-
LAP-HMON@GF7-ABS-PEG. e) CAIX, H&E, TUNEL, or GPX4 staining of representative tumors collected from the -V groups. Data are presented as
means + SD (n=5). **p < 0.01, and ***p < 0.001 determined by one-way ANOVA.

and CON3-LAP-HMON@GF7-ABS-PEG group are found.
Especially, CON3-LAP-HMON@GF7-ABS-PEG administrated
group achieves a tumor inhibition rate of over 90%. Besides,
survival rates of 4T1 tumor-bearing mice treated by CON3-LAP-
HMON@GF7-ABS-PEG remain at 100% within 46 days (Fig-
ure 6d), which is much superior to that of other administrated
groups, suggesting the high-performance tumor ferroptosis
therapy of CON3-LAP-HMON@GF7-ABS-PEG.

Adv. Healthcare Mater. 2023, 12, 2203362
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The collected tumor tissues from the sacrificed mice after var-
ious treatments were stained with hematoxylin and eosin (H&E),
CAIX, GPX4, and terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) to further explore the mechanism of
antitumor therapy. It can be clearly found that the obvious down-
regulation of CAIX expression only occurs in the CON3-LAP-
HMON@GF7-ABS-PEG group (Figure 6e), which is ascribed
to the specific delivery of ABS to tumor tissues resulting in

© 2023 Wiley-VCH GmbH
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the strong inhibition of CAIX. Both H&E and TUNEL staining
results show severely necrotic or apoptotic tumor cells in the
CON3-LAP-HMON@GF7-ABS-PEG group, while relatively low
or few numbers of such cells are observed in other groups. Con-
sistently, the CON3-LAP-HMON@GF7-ABS-PEG treated mice
show the most apparent downregulation of GPX4 expression
and the strongest green fluorescence distribution of ROS or LPO
(Figure S23, Supporting Information), further revealing the en-
hanced ferroptosis effect via the strategy of Fenton reaction cy-
cloacceleration.

Figure S24, Supporting Information, shows the much
lower hemolysis percentages (less than 2.0%) of CON3-LAP-
HMON@GF7-ABS-PEG with varied concentrations. There are
slight weight changes gained in 4T1 tumor-bearing mice after
various treatments within 32 days (Figure S25, Supporting Infor-
mation). No conspicuous histopathological aberration in major
organs (heart, liver, spleen, lung, and kidney) is found for vari-
ous treatment groups (Figure S26, Supporting Information). In
addition, the blood routine analysis (including RBC, WBC, PLT,
HCT, LYM, and HGB, Figure S27, Supporting Information) or
blood biochemical analysis (including ALT, AST, ALP, and CREA,
Figure S28, Supporting Information) of healthy mice after i.v. in-
jection of CON3-LAP-HMON@GF7-ABS-PEG shows an unno-
ticeable difference for all testing parameters compared with the
PBS group (control). These results suggest the favorable biosafety
of our CON3-LAP-HMON@GF7-ABS-PEG nanocomplexes used
for MRI-guided high-performance ferroptosis therapy based on
the strategy of Fenton reaction cycloacceleration initiated by re-
modeling the TME.

3. Conclusions

In summary, we propose a strategy of Fenton reaction cycloaccel-
eration initiated by remodeling the TME for MRI-guided high-
performance ferroptosis therapy of tumors. Typically, the hollow
core of HMON is utilized as a nanoreactor for “in situ CON
growth” via a hydrazine reduction method, and then the LAP
as a donor of H,0, and GF coordination network are sequen-
tially integrated into the pore channel and outer shell of HMON,
which is further conjugated with ABS and PEG by typical ami-
dation reaction to produce CON3-LAP-HMON@GF7-ABS-PEG.
This successful preparation has been verified by TEM, DLS, Zeta
potential analysis, STEM-based elemental mapping, XPS, UV-
vis spectra, FT-IR, and BET. The CON3-LAP-HMON@GF7-ABS-
PEG exhibits enhanced accumulation at CAIX-positive tumors
based on the CAIX-mediated active targeting, and increased acid-
ification via the inhibition of CAIX by ABS (i.e., remodeling
TME). This accumulated H* and abundant GSH in TME syn-
ergistically trigger biodegradation of CON3-LAP-HMON@GF7-
ABS-PEG to release the loaded CON, LAP, Fe’*, and GF. The
released CON reacts with the increased H*, generating Cu*. The
Fe3* reacts with Cu*, producing Fe?* and Cu?* to accelerate the
Fenton and Fenton-like reactions based on the catalytic loop of
Fe—Cu. The released LAP produces H,O, in situ from the LAP-
triggered and NQO1-mediated redox cycle to further accelerate
the Fenton and Fenton-like reactions. The cycloacceleration of
Fenton and Fenton-like reactions initiated by remodeling TME
generates robust ROS and plenitudinous LPO accumulation for
high-performance ferroptosis of tumor cells. In addition, the GF
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network detached from HMON has a relatively high r; (4.2 mm™!
s71) and low r, /r, ratio (4.8) in response to the TME, which is suc-
cessfully utilized as a favorable T,-weighted MRI contrast agent
to monitor the progress of tumor ferroptosis therapy. Overall,
the strategy of Fenton reaction cycloacceleration initiated by re-
modeling the TME via our CON3-LAP-HMON@GF7-ABS-PEG
is promising for MRI-guided high-performance ferroptosis ther-
apy of tumors.

4. Experimental Section

Synthesis of CON1-4-HMON: PVP (10-80 mg) was first added into
10 mL of HMON aqueous solution, which was stirred at room temper-
ature for 45 min. 1.0 mL of copper precursor solutions (25-200 mm
CuCl,-2H,0) were then respectively charged into the above solution un-
der magnetic stirring. The pH value of the mixtures was tuned to 9.0 using
NaOH (1.0 m). The solutions was then preheated to 60 °C in an oil bath
and stirred for 30 min under N, protection. After that, reducing hydrazine
hydrate (5.0-40 uL) was added into the above systems and the reaction
was continued for 120 min until the solutions turned yellow. The remain-
ing sediments were purified by centrifugation (20000 x g, 10 min) and
washed with pure water for five cycles to obtain the in situ CON generated
in the hollow core of HMON (CON1-4-HMON), which were redispersed
in Milli-Q water for further use.

Synthesis of CON3-HMON@GF1-8: 50 uL of FeCl; solution (1.3—
40 mg mL™") was respectively added into CON3-HMON dispersions
(1.0 mL, 5.0 mg mL~"). After continuous stirring for 15 min, 100 pL of
GA aqueous solution (10 or 20 mg mL~") with pH value of 8.0 was added
dropwise into the above suspensions, and the mixtures were kept under
stirring for 2.0 h to finish the coordination reaction between Fe3* and GA.
CON3-HMON@GF1-8 was then obtained by centrifugation and washing
with MilliQ water. The Fe or Cu loading content was determined by ICP-
OES (Thermo Fisher Scientific, iCAP 6300Duo). The CON3-HMON@GF7
were fabricated with 1.0 mg mL~" of FeCl; and 2.0 mg mL~" of GA for the
following experiments.

Synthesis of CON3-LAP-HMON@GF7: The CON3-HMON dispersion
(4.0 mL, 2.5 mg mL™") was first mixed with 1.0 mL of ethanolic LAP so-
lution (2.0 mg mL™"), and the mixture was kept under stirring overnight
at room temperature away from the light. After that, the obtained solu-
tion was centrifuged (20000 X g, 10 min) and washed to obtain CON3-
LAP-HMON. The CON3-LAP-HMON was used to synthesize CON3-LAP-
HMON@GF7 according to the above-mentioned procedures. The final
product was obtained after centrifugation (20000 X g, 10 min) and wash-
ing. All supernatants were collected for UV-vis analysis at the wavelength
of 260 nm to quantify the LAP loading content.

Synthesis of CON3-LAP-HMON@GF7-ABS-PEG: 20 uL of EDC
(120 mg mL™") and 20 pL of NHS (60 mg mL™") were added into the
as-prepared CON3-LAP-HMON@GF7 solution (4.0 mL), and the mixture
was kept under magnetic stirring for 30 min. After that, 40 pL of ABS stock
solution (130 mg mL™") was added to the above mixture and reacted for
24 h. After the EDC/NHS-mediated covalent reaction, the solid products
were collected by centrifugation and washing with ethanol three times.

PEGylation was subsequently utilized for surface modification. The ob-
tained CON3-LAP-HMON @GF7-ABS was dissolved in PEG-NH,, solution
(4.0 mL, 2.0 mg mL_1), and the mixture was kept under stirring for 12 h.
After that, the solution was centrifuged (20000 x g, 10 min) and rinsed by
MilliQ water two times to obtain CON3-LAP-HMON@GF7-ABS-PEC.

Meanwhile, the CON3-HMON@GF7-PEG and CON3-LAP-
HMON@GF7-PEG were synthesized using a similar procedure.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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